The melon fruit fly, Bactrocera cucurbitae (Coquillett) (Diptera: Tephritidae), is polyphagous and an important fruit and vegetable pest. Sterile insect technique (SIT) is a 'hot' research field for pest control, particularly in fruit flies. A B. cucurbitae genetic sexing strain (GSS) was established for SIT. Mass rearing and superior-fit target species are crucial components of SIT. Some reports have demonstrated that the irradiation used for SIT damages the midgut and tissues of target species, which can impair SIT success. Other studies have found that probiotics in the fruit fly larval diet can enhance host fitness. We used culture-based approaches to isolate and characterize gut-associated bacterial species from the B. cucurbitae GSS during mass rearing and applied one of the isolated bacteria, Enterobacter spec., as a probiotic mixed into the larval diet to examine its effect on B. cucurbitae.
Introduction
Sterile insect technique (SIT) is an effective and valuable tool for controlling infestations of various fruit flies (Diptera: Tephritidae), including the Mediterranean fruit fly, Ceratitis capitata (Wiedemann), the Mexican fruit fly, Anastrepha ludens (Loew), and the olive fly, Bactrocera oleae (Rossi) (Ami et al., 2010; Estes et al., 2012; Lauzon & Potter, 2012; Hamden et al., 2013; Sacchetti et al., 2013; Ben-Yosef et al., 2014; Augustinos et al., 2015) . The successful use of SIT to control these invasive fruit flies relies on two conditions: mass-rearing facilities for flies and large numbers of fit, sterile adult males (Lauzon & Potter, 2012) . However, reports have suggested that the fruit flies targeted for SIT exhibit inferior fitness, mating competitiveness, or other qualitative parameters compared with wild fruit flies. This means that the success of SIT may be impaired by inappropriate habitat colonization, massrearing conditions, and irradiation dose (Behar et al., 2008c; Ami et al., 2010) . Moreover, some studies found that the irradiation used for SIT weakened fly fitness by damaging tissues and internal organs to some extent, causing metabolic disorders. For example, the irradiation used for SIT disturbs microbe balance in the midgut for C. capitata and A. ludens, reducing the abundance of specific, functional gut bacteria (Niyazi et al., 2004; Ami et al., 2010; Estes et al., 2011; Gavriel et al., 2011; Jurkevitch, 2011; Zindel et al., 2011; Lauzon & Potter, 2012) .
Abundant symbiotic communities are harbored in fruit flies such as C. capitata (Kounatidis et al., 2009; Estes et al., 2012; Sacchetti et al., 2013; Ben-Yosef et al., 2014) , B. oleae, Bactrocera dorsalis (Hendel) (Wang et al., 2011 (Wang et al., , 2013 Shi et al., 2012; Pramanik et al., 2014; Thaochan et al., 2014) , and Bactrocera tau (Walker) (Prabhakar et al., 2012; Luo et al., 2016) . The microorganisms contribute to host metabolism (Robacker et al., 2009; Ben-Yosef et al., 2014) , provide nutrient resources, prolong lifespan, and strengthen mating competitiveness. The dominant bacteria in the fruit fly gut are from the Enterobacteriaceae family and include Enterobacter spec., Klebsiella spec., Providencia spec., Pectobacterium spec., and Citrobacter freundii (Braak) Werkman & Gillen (Lauzon, 2003; Niyazi et al., 2004; Behar et al., 2005 Behar et al., , 2008a Ami et al., 2010; Gavriel et al., 2011) .
An isolate (Enterobacter spec.) from C. capitata was used as a probiotic in the larval rather than the adult diet (Hamden et al., 2013) to increase Enterobacter spec. abundance in irradiated hosts. This led to significantly enhanced fitness and sexual performance of the laboratory-raised individuals in competition with wild flies (Gavriel et al., 2011; Hamden et al., 2013) . Enterobacter spec. was utilized in luring experiments, in which baits were most attractive to Bactrocera zonata (Saunders) (Reddy et al., 2014) . These studies demonstrate the applied value of Enterobacter spec. in producing sterile insects for SIT (Niyazi et al., 2004; Ben-Yosef et al., 2008; Ami et al., 2010; Wang et al., 2013) .
Bactrocera cucurbitae (Coquillett) is an important fruit and vegetable pest that can harm more than 120 types of agricultural products (Yuan et al., 2005; He et al., 2012) . Reports evaluating B. cucurbitae in the context of SIT have largely focused on examining ecology, mating behavior, spatial distribution, and genetics rather than application of a probiotic to enhance performance (Ito et al., 2003; Koyama et al., 2004) . The aims of this study were to (1) isolate and characterize gut-associated bacterial species in the B. cucurbitae genetic sexing strain (GSS); (2) test the hypothesis that adding Enterobacter spec. to the larval diet increases pupal weight, emergence, longevity, and adult size; and (3) determine the role of insect-bacterial interaction and nutritional value of the bacteria in irradiated insects.
Materials and methods

Flies
Males of the laboratory-reared B. cucurbitae GSS emerge from brown pupae, whereas females emerge from white pupae. This established strain was generated by imitating an established method of SIT for B. dorsalis (Wu et al., 2015) at the Institute of Beneficial Insects, Fujian Agricultural and Forestry University, Fuzhou, China. It was reared under controlled temperature, humidity, and light conditions (25 AE 1°C, 65 AE 5% r.h., L12:D12 photoperiod) for >13 generations. Adults were fed a mixture of sucrose and yeast powder at a ratio of 3:1.
Isolation of gut bacteria
The entire gut was collected from 5-day-old males and females from non-irradiated B. cucurbitae GSS. Prior to dissection, the adult insects were surface-sterilized with 70% ethanol for 2-5 min and then rinsed 39 in sterile distilled water. Approximately 30 adults from each of the sampled populations were dissected aseptically in a plate containing 1 ml of sterile distilled water using sterilized tweezers under a stereomicroscope. After dissection, guts were collected in 1.5-ml Eppendorf tubes in 1 ml of sterile phosphate-buffered saline and homogenized. Two hundred micrograms of each sample was spread onto Luria-Bertani (LB) agar plates. A 200-ll aliquot from these samples was further serially diluted to 10 À6 . We chose the three bacterial suspension concentrations of 10 À4 , 10 À5 , and 10 À6 as our samples and plated these onto LB agar and incubated at 37°C for 24-48 h. All of the treatments were performed in triplicate to ensure that the growth of microorganisms was observed in a timely and accurate manner. Well-isolated colonies were chosen from all of the sample treatments. To ensure that the isolates represented single colonies, multiple streaking and isolation steps were performed. Based on colony morphology and including representatives from each sample treatment, more than 50 colonies were selected for further analysis.
Bacterial 16S rRNA gene amplification analysis
A sterile inoculating loop was used to select a single colony from the LB solid plates to inoculate LB liquid medium in 1-ml EP tubes under sterile conditions. Then, these tubes were placed in a constant-temperature oscillation incubator to breed bacteria under 37°C at 180 revolutions per min. PCR amplification was performed from the bacterial solution using the universal primers 968GC and L1401 described by Nubel et al. (1996) to amplify the bacterial V6-V8 16S rRNA gene segment. The PCR reaction (25 ll) contained 0.5 ll 29 Trans Taq HiFi PCR SuperMix, 2.0 ll 10 mM dNTPs, 0.5 ll 10 mM each primer, 2.5 ll 109 PCR buffer I, 1 ll template DNA, and 18 ll ddH 2 O. The PCR conditions were as follows: initial denaturing step of 94°C for 5 min; followed by 34 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, and extension at 72°C for 1 min; and a final extension step at 72°C for 5 min. The amplification products (3 ll of each sample) were assessed on a 1.5% agarose 19 Tris-Borate-EDTA (TBE) gel. The detected target bands were ca. 450 bp; a negative control reaction without template DNA was used to assess the samples for contamination. High-quality PCR products were sent for sequencing at Biosune Biotechnology (Shanghai, China) with an ABI 3730 XL using the 968GC and L1401 primers. The 16S rRNA gene sequence from each isolate was compared with 16S rRNA sequences in the GenBank database using the BLAST search algorithm (Altschul et al., 1997) . The completed, matched sequence was used to construct a neighbor-joining dendrogram (phylogenetic tree; 1 000 bootstrap replicates) in MEGA 5.0 (Felsenstein, 1985; Thompson et al., 1997) .
Exploitation of an Enterobacter spec. strain as a probiotic in the larval diet An isolate from the guts of 5-day-old B. cucurbitae GSS male and female exhibited more than 37% 16S rRNA identity in total, with a different Enterobacter spec. and was selected for evaluation as a 'probiotic'. Six hundred micrograms of bacterial suspension in autoclave-sterilized LB liquid medium was autoclaved at 121°C for 20 min as a live probiotic in a 150-ml shaker flask. Another sample was autoclave-sterilized as an autoclaved (dead) probiotic. Before autoclave sterilization, the flasks were placed in an incubated rotary shaker (37°C, 200 revolutions per minute) for 96 h. To produce Enterobacter spec., 45 ml was prepared in a shaker flask, which was adequate for 1 kg larval diet. To distinguish insect-bacterial interaction effects from the nutritional value of the bacteria in irradiated insects, the same concentration of both autoclaved and live bacteria was used. As a control, larval diet with the same volume of LB medium (45 ml) excluding probiotics was used. Females and males were obtained from pupae and irradiated with 100 Gy of gamma radiation from 137 Caesium 2 days before emergence (Wu et al., 2015) . Two types of flies were obtained: probiotic-irradiated (PI) and non-probiotic-irradiated (NPI) B. cucurbitae GSS.
Pupal weight, emergence, flight ability, survival, and morphometric traits One hundred pupae from each group were weighed 2 days before emergence. To determine the effect of the probioticenriched diet on pupal weight, emergence (%emergence rate) and flight ability (fly-out rate) in irradiated B. cucurbitae females and males, pupa of each type were placed in insect-rearing cages (1.2 9 0.6 9 1.2 m). The cages were made of an aluminum frame and nylon gauze; nine black plastic cylinders (10-cm diameter, 20-cm high) in each group were coated with talcum powder to prevent the flies from escaping by walking. Petri dishes (no lids) with 100 irradiated pupae (white or brown) were covered with cylinders. The pupae were reared under the conditions described above. The number of dead pupae (A), half-emerged pupae (B), malformed flies (C), and normal flies that did not fly out of the cylinder (D) were recorded 4 days after the start of the experiment. The %emergence rate (E%) and fly-out rate (F%) were measured: E% = 100% 9 [(100 À A-B)/ 100], and F% = 100% 9 [(100 À A-B-C-D)/100]. Nine replicates were performed for each group.
Within 2 h of adult emergence (07:30-11:30 hours), 100 males and 100 females were placed separately in two test cages (30 9 40 9 30 cm). All of the cages were maintained in the dark at 25 AE 1°C with 65 AE 5% r.h. The dead and live flies were counted after 48 h. Nine replicates were performed per group.
The effects of the probiotic larval diet on the size of irradiated adult B. cucurbitae males and females were measured using head width (HW), thorax length (TL), abdomen length (AL), and wing length (WL). The measurements were performed on a sample of 90 probiotic and 90 non-probiotic males (including autoclaved probiotics) with a stereomicroscope fitted with Motic Images Plus software v.2 (Rodriguero et al., 2002) .
Data analysis
Data analysis was performed with SPSS v.17.0 (SPSS, Chicago, IL, USA). The effects of the probiotics on pupal weight, emergence, flight ability, adult survival, HW, TL, AL, and WL were assessed with one-way ANOVA.
Results
The bacterial colonies isolated from 5-day-old male and female guts were morphologically similar, suggesting a low-complexity mixture (Figure 1 ). All of the sequences from 5-day-old male and female adults were identified as Enterobacter spec., Providencia spec., Cedecea spec., Lysinibacillus spec., and Klebsiella spec. Twenty-nine and 25 colonies were sequenced from 5-day-old male and female guts, respectively. Of these, 20 colonies were identified as Enterobacter spec., 10 as Providencia spec., 13 as Cedecea spec., 1 Lysinibacillus spec., and 1 as Klebsiella spec. Three colonies were from bacteria that could not be cultured (Figure 1) , which might be caused by the different bacterial growth environments. Six colonies were similar to BM35 (uncultured bacteria) that had previously been isolated from the guts of adult B. tau females and males (Luo et al., 2016) .
The BLAST analysis of the V6-V8 16S rRNA gene segment sequences from the isolated colonies confirmed their identification as Enterobacter spec., Providencia spec., and Klebsiella spec., Cedecea spec., and Lysinibacillus spec. Overall, sequences from Providencia spec., Enterobacter spec., Klebsiella spec., Cedecea spec., and Lysinibacillus spec. accounted for 18.5, 37.0, 1.9, 24, and 1.9% of all examined sequences, respectively. Other bacteria and uncultured bacteria represented 11.1 and 5.6%, respectively. The Enterobacter spec. dominated both populations (37% in males and females), leading us to select the Enterobacter spec. isolated from 5-day-old male guts as the larval probiotic.
Effect of Enterobacter spec. on pupal weight
The PI larval diet had a significant effect on female and male pupal weight (F 2,6 = 7.607, P = 0.023; F 2,6 = 8.844, P = 0.016, respectively). The mean female and male pupal weight increased by 0.17 AE 0.04 and 0.08 AE 0.01 mg, Probiotics in larval diet improve host fitness 199 CF8 (14) Bacterium BM35 (KR676608.1) CF4 (7, 9, 11, 13, 15, 17, 19, 23) CF1 ( CM27 (5) (6) 9, (12) (13) (14) (15) (16) 21, (25) (26) (28) (29) 30) Enterobacter Figure 1 Enterobacter spec., Providencia spec., and Klebsiella spec. isolated from Bactrocera cucurbitae GSS guts of (A) females and (B) males. CM27 (Enterobacter spec.) was the isolate used as the probiotic. The tree was constructed with the neighbor-joining method based on the V6-V8 16S rDNA sequences. The scale bar represents the percentages of 1 000 bootstraps. CF, B. cucurbitae female; CM: B. cucurbitae male (both not irradiated).
respectively (Table 1) , although the autoclaved probiotic (API) did not affect pupal weight as robustly as PI. The API group experienced only a slight weight increase in 0.04 AE 0.04 and 0.03 AE 0.01 mg (females and males, respectively) for pupal weight compared to the NPI group (Table 1) .
Effect of Enterobacter spec. on emergence, flight ability, and survival rate
The probiotic application of Enterobacter spec. as a PI or an API treatment did not affect the emergence of irradiated B. cucurbitae females (F 2,6 = 0.939, P = 0.44). There was no significant variation in flight ability among the different treatments (F 2,6 = 0.894, P = 0.46). However, survival rates varied significantly for the different treatments (F 2,6 = 12.732, P<0.01); a greater increase was observed for treatment with API than for treatment with PI (18 vs. 12% increase). This finding suggests that the nutritional benefit of bacteria had a more significant influence than the insect-bacteria interaction, consistent with B. cucurbitae females placed in an environment with no food and water (Table 1) .
When the effect of Enterobacter spec. probiotics on emergence and flight ability in irradiated B. cucurbitae males was assessed, the PI and API groups exhibited no significant increase in the two quality control (QC) parameters relative to the NPI group (emergence: F 2,6 = 2.595, P = 0.15; flight ability: F 2,6 = 1.958, P = 0.22). With respect to male survival rates, the PI and API treatments produced significantly elevated survival compared with the NPI treatment (F 2,6 = 13.616, P<0.01); this finding is consistent with the above results of probiotic diets on B. cucurbitae females ( Table 1) .
Effect of Enterobacter spec. on morphometric parameters Given that pupal weight was observed to vary among treatments, the treatments certainly affected morphological parameters. Neither the PI treatment nor the API treatment significantly affected AL or WL in the irradiated B. cucurbitae GSS (Table 1 ) (female AL: F 2,24 = 1.681, P = 0.26; female WL: F 2,24 = 0.721, P = 0.52; male AL: F 2,24 = 2.228, P = 0.19; male WL: F 2,24 = 2.124, P = 0.20). However, for both sexes, PI individuals were significantly larger than API and NPI individuals (Table 1) with respect to HW (female HW: F 2,24 = 25.04, P<0.01; male HW: F 2,24 = 5.794, P = 0.04) and TL (female TL: F 2,24 = 10.17, P = 0.012; male TL: F 2,24 = 16.84, P<0.01).
Discussion
Our goal was to isolate naturally occurring bacteria from B. cucurbitae GSS adult (female and male) guts for use as a probiotic supplement in the larval diet. We used adult guts from 5-day-old flies as the source of bacterial isolates. Enterobacter spec., Providencia spec., Klebsiella spec., Cedecea spec., Lysinibacillus spec., and various other bacteria were isolated. The number of culturable bacterial communities was limited, and this limitation might have been caused by the artificial diet that the laboratory-adapted B. cucurbitae GSS was fed for >13 generations. An analysis of the isolated bacteria revealed that Enterobacter spec. comprised 37% of the total gut biome of females and males. However, Providencia spec., Klebsiella spec., Cedecea spec., Lysinibacillus spec., and various uncultured bacteria were also observed on a small scale in B. cucurbitae. The gut was dominated by Enterobacteriaceae species and since our goal was to identify a cultivable bacterial species suitable for probiotic applications, we focused on these bacteria (Enterobacter spec.). Enriching the larval diet of mass-reared B. cucurbitae with probiotic Enterobacter spec. led to quantitative changes in the Enterobacteriaceae inhabiting the gut and significantly improved some QC parameters. The 'live probiotic' (PI) diet and the 'autoclaved probiotic' (API) diet both significantly improved pupal weight, morphological indices, and adult survival rate compared with the control 'non-probiotic' (NPI) diet group. Another major finding was that the API diet significantly enhanced the adult survival rate compared with the NPI diet. This result is different from that of Augustinos et al. (2015) , who reported that adult survival rate of C. capitata on the 'dead probiotic' diet was not more pronounced than when on 'live probiotic' diet. This discrepancy might be explained by the different species of insect used.
The possible implication of the API diet suggests an obvious advantage over a live diet because it is more convenient, secure, and efficient. These results might explain how the irradiation used in SIT damages the balance of bacterial communities harbored in the target fruit fly gut (Lauzon & Potter, 2012) and illustrate that Enterobacter spec. as a nutrient source has a positive effect on irradiated B. cucurbitae GSS. The nutrient effect of Enterobacter spec. was more significant than the insect-bacteria interaction in B. cucurbitae GSS (Behar et al., 2005) , which is in accordance with our goal. However, no positive or negative effects were identified for either PI or API on emergence or flight ability. Evaluating two QC parameters, we observed that B. cucurbitae females did not have a higher emergence rate or flight ability rate than males, males being the active SIT component. These results are similar to those of Hamden et al. (2013) .
In conclusion, our study confirmed that probiotic addition to the larval diet ameliorates the effect of irradiation on intestinal microbiota. This knowledge might help to further develop B. cucurbitae as another target insect species for SIT. The exploitation of probiotics in the gut of fruit flies has been a popular research topic in recent years, and the use of probiotics in conjunction with SIT has also been suggested (Rodriguero et al., 2002; Lauzon, 2003) . These microbiota could be exploited to produce higher quality sterile insects for SIT applications at a reduced cost. In the future, we can focus on discovering more suitable probiotics to strengthen fruit fly fitness and improve SIT.
The irradiation used in SIT not only damaged gut-associated microbes (Demirer et al., 2006) but also affected the histology, ultrastructure, and physiological functions of fruit flies, indicating the need for additional research in this area (Lauzon & Potter, 2012) .
